The social environment modulates gene expression, physiology, behaviour and patterns of inheritance. For more than 50 years, this concept has been investigated using approaches that include partitioning the social component out of behavioural heritability estimates, studying maternal effects on offspring, and analysing dominance hierarchies. Recent advances have formalized this 'social environment effect' by providing a more nuanced approach to the study of social influences on behaviour while recognizing evolutionary implications. Yet, in most of these formulations, the dynamics of social interactions are not accounted for. Also, the reciprocity between individual behaviour and group-level interactions has been largely ignored. Consistent with evolutionary theory, the principles of social interaction are conserved across a broad range of taxa. While noting parallels in diverse organisms, this review uses Drosophila melanogaster as a case study to revisit what is known about social interaction paradigms. We highlight the benefits of integrating the history and pattern of interactions among individuals for dissecting molecular mechanisms that underlie social modulation of behaviour.
 ................................................................................ 1033 V. Conclusions .............................................................................................. 1034 VI. References ................................................................................................ 1036 
I. INTRODUCTION
According to sociologist J.P. Scott (Scott, 1977, p. 327) ' . . . almost all behaviour that is exhibited by the members of highly social species [ . . . ] is expressed within social relationships. What little solitary behaviour remains is expressed within social contexts derived from these relationships'. The impact of the social environment on individuals is reproduced diagrammatically in Fig. 1A . In contrast to views that behaviour is innately determined, Scott notes that the history of behaviours between individuals contributes to subsequent behavioural modification. Given such behavioural plasticity, When an organism's social partner exhibits a behaviour (e.g. z B2 ), this can indirectly affect a future behaviour (z B1 ) at a subsequent time by affecting z P . The temporal aspect highlights the interconnectedness and interaction between two organisms which is lost when only the output behaviour is scored.
Reproduced from Scott & Fuller (1965) . (B) Illustration of IGEs, in which the additive genetic component (a 1 ) and the environment (e 1 ) both contribute to the phenotype (z 1 ), but the phenotypes of the two interacting organisms influence each other as well (the interaction factor ). Any potential temporal component is not addressed.
Broadly speaking, an individual's phenotype can be attributed to additive genetic effects (AGEs) manifested independent of the surrounding environment (Moore, Brodie & Wolf, 1997) and non-additive effects including environmental components (portion of the phenotype determined by its environment and the gene-by-environment interaction). However the social environment itself is special as it consists of many individuals with distinct genomes that can evolve. The quantitative analysis of phenotypic modulation by another individual's phenotype is referred to as indirect genetic effects (IGEs: heritable components within the social environment affecting the phenotype of a focal organism).
The occurrence of IGEs is common across many species spanning microorganisms, plants and animals. Microorganisms cooperate to achieve a variety of behaviours such as foraging, quorum sensing and the coordination of biofilm formation (Crespi, 2001; West et al., 2006) . Ecological interactions in plant systems contribute to the size and fitness-related traits of neighbours (Mutic & Wolf, 2007; Wolf, Mutic & Kover, 2011; Andersson, 2014) , which has led to accounting for IGEs in the optimization of breeding programs (Muir, 2005) . Examples of phenotypes under shared genetic control from the animal kingdom include social dominance interactions in red deer Cervus elaphus (Wilson et al., 2011) , antipredator behaviour in Poecilia reticulate guppies (Bleakley & Brodie, 2009) , growth rate in medaka Oryzias latipes (Ruzzante & Doyle, 1991) , female choosiness in Pacific field crickets Teleogryllus oceanicus (Bailey & Zuk, 2012) , egg-laying date variance in common gulls Larus canus (Brommer & Rattiste, 2008) , as well as aggression in pigs Sus scrofa (Camerlink et al., 2013) and mink Neovison vison (Alemu et al., 2014 ). Yet another ubiquitous category is intergenerational IGEs best exemplified by maternal effects in plants (Roach & Wulff, 1987) , insects (Mousseau et al., 2009) , and animals (Bernardo, 1996) . Such IGEs are often accompanied by specific caveats including relatedness and sex-linked intergenerational behavioural modifications. Even though the channels and mechanisms responsible for these IGEs will vary among species and taxa, the prevalence of IGEs suggests that these phenotypic interactions are pivotal for understanding the life history of an individual in any species.
IGEs are captured by Moore's regression coefficient (the interaction factor), which determines the correlation between one individual's phenotype (z 2 ) with a focal individual's phenotype (z 1 ) (z 1 = AGE 1 + × z 2 ). Note that z 1 and z 2 are not necessarily the same phenotype, and may need exploratory analysis (such as multiple regressions) to identify them (Bailey & Hoskins, 2014) . Revealing such correlation(s) leads to a more comprehensive understanding of heritable behavioural regulation, including cell and molecular pathway(s) underlying the socially influential phenotype (z 2 ), and also the pathway(s) involved in the reception and integration of the social surrounding ( ). This enables the breakdown of complex behavioural characteristics into tractable individual and environmental genetic components, bringing us closer to understanding the biology of interacting individuals.
The formulation of and the use of the regression model to make predictions about allelic frequencies further establish the evolutionary importance of social context (Bijma & Wade, 2008) . Even a small expansion of the environment to include social aspects was found to have unexpected impacts on evolutionary responses to selection: traits that respond to the social environment (those where was not null) predict drastically changed responses to selection pressure compared to predictions made without considering the social environment. This is because the genetic component of the social environment can also evolve (Moore et al., 1997) . When is positive, a trait's response to selection is predicted to be greater than traits without IGEs (Wolf et al., 1998) . Similarly, a negative can slow down the response to selection, lowering the rate of change of a trait (Wolf et al., 1998) . In fact, evolutionary change can result from small changes in IGEs without a corresponding change in the AGEs of the trait (Moore et al., 1997) . IGEs also predict that the short-term inter-generational response in a trait z 1 to selection may be in the opposite direction to the selective pressures if there is a response in the trait z 2 and is negative. Thus, (Moore et al., 1997) provides insight into the complex roles played by inheritance, development, experience, and selection on the expression of a phenotype within a social context.
While not explicitly dealt with below, accounting for relatedness further increases the complexity of the relationship between IGEs and selection. Briefly, in the traditional formulation, so-called altruistic behaviours can arise if the coefficient of relationship (r) is less than the cost (C) to benefit (B) ratio (r ≥ C/B; known as Hamilton's rule). This framework makes the assumption that the genes that determine the altruistic trait do not have any direct effect on the recipient's fitness. In this sense it is comparable to dealing with only IGEs without considering direct AGEs. (Cheverud & Moore, 1994) . This has two important reciprocal consequences on the potential for altruistic evolution. When the covariance is highly positive a trait can evolve even when costs to the emitter are high and indirect benefits to the receiver are low, if the (pleitropic) direct benefits to the receiver are high. Alternatively, when the covariance term is negative and less than the coefficient of relatedness, altruism cannot evolve regardless of huge benefits and a miniscule cost to benefit ratio (pleiotropic direct effects on fitness outweighing indirect benefits).
One advantage of Moore's phenotype-phenotype regression method is that feedback between two phenotypes can be addressed within a dyadic interaction (Moore et al., 1997) . Examples of such feedback include acts of aggression, where escalation is often the result of interaction and feedback between aggressors. Moore's formulation of IGEs and is depicted in Fig. 1B . One difference worth emphasizing between Scott's paradigm and that of Moore is the temporal component (Scott & Fuller, 1965; Scott, 1977 ) (i.e. the history of interactions). While the ultimate outcome in a dyadic interaction may not require a thorough treatment of this temporal aspect, our main argument is that in a more dynamic group, where consecutive interactions are not guaranteed to be between the same two individuals, interaction pattern and history are important factors.
Even when the behaviour appears to be dyadic or solitary, social influence from the surrounding group is still possible. Recognizing this, the concept of IGE has expanded to include interacting individuals within entire groups. Theoretical work has shown that the group's ecological structure can have drastic effects on the predicted evolutionary responses to selective pressures (Agrawal, Brodie & Wade, 2001) . However, these predictions rely on two unrealistic assumptions: (i) all interactions occur simultaneously; and (ii) these interactions occur with equal strength. That these interactions occur with equal strength is conceptually and experimentally unrealistic, as changes in response to selection (Chenoweth, Rundle & Blows, 2010) . The first assumption is perhaps more subtle because there are indeed aspects of the group that can act at once on all members, such as non-directional density-based signalling (Wang & Anderson, 2010) . Nevertheless, other interactions have been shown to be highly dependent on the order of occurrence (see Sections III and IV). The presence of these assumptions suggests that current implementations of IGE can be improved by accounting for the temporal order and properties of relationships among individual group members.
A thorough understanding of the impact that IGEs can have in a social group requires experimental methods that can deconstruct the effects of IGEs: (i) the mean effects of the group upon the focal individual's phenotype; (ii) the effects of one individual's phenotype on another individual's phenotype; and (iii) the social influence of past interactions. Such a system must provide a detailed understanding of individual as well as dyadic behaviours within the group, and their physiological and genetic underpinnings.
Therefore, the goal of this review is twofold: (i) to raise awareness of the importance of integrating the structure and temporal properties of interactions into IGEs; and (ii) to endorse Drosoplila melanogaster as an aid in the mechanistic dissection and understanding of the complex dynamics that occur within a group. We view this goal in relation to two groups of readers. First, we hope to garner attention from other fly researchers who could potentially gain deeper insight into phenotypes of interest when incorporating IGEs; second, we hope to highlight the genetically tractable D. melanogaster as an organism well suited to investigate IGEs. We will not account for non-genetic sources of inheritance, such as epigenetics. Although the contribution of parental effects to the field of IGEs and their potential influence on a variety of phenotypes is significant, they will also not be addressed here ). Our focus is solely on the interaction between intra-generational individuals. The focus on non-parental, potentially unrelated individuals yields potential for more antagonistic and dynamic IGEs. In the following sections, we discuss IGEs during three important components of an individual's life: (i) 'the social setting' (forming a group); (ii) 'aggression' (fighting over resources); and (iii) 'reproduction' (copulation).
II. THE SOCIAL SETTING
The central idea within the theory of IGEs is that a dynamic social environment influences focal individuals. The focal individual's phenotype will be, at least partially, a product of the composition of the genetic environment. In the wild, D. melanogaster aggregate around food (Wertheim et al., 2006) creating a complex social environment where species and sex ratios may be ever-changing. This is where flies engage in social behaviours that include aggression towards rivals, courtship towards potential mates, eventual copulation, and oviposition. It is no surprise that D. melanogaster evolved 'tags' to communicate species and sex, allowing social behaviours to be targeted towards appropriate social partners (Billeter et al., 2009) . However, various social factors occur even before a fly joins the aggregate. There is evidence that 'primer flies' signal the location of beneficial aggregation sites to others (Tinette, Zhang & Robichon, 2004) . Theoretically, this simple behaviour could shape the social landscape within the aggregate by preferentially recruiting socially responsive flies that detect and respond to such signals. Additionally, flies that engage in isolated substrate search patterns are under-represented in socially vetted patches of food. Such individual-to-group signalling is common in many species (Reebs, 2000; Seeley & Visscher, 2004 : Conradt & Roper, 2005 Couzin et al., 2005; Pratt, 2005; Biro et al., 2006; Hodgkin, Symonds & Elgar, 2014) . Another aspect of the social ecology of D. melanogaster is the genetic correlation between who is currently on the site and who will preferentially aggregate (Saltz, 2011) . The fact that D. melanogaster shows preferential assortment according to genotype hints that an individual may be able to choose the indirect genetic effects that it experiences. Such correlation can shape the environment that any fly within the aggregate encounters. This can have important consequence for the evolution of traits such as altruism, where the evolution of altruism is aided by positive genetic assortment (Pepper & Smuts, 2002) .
Once within the aggregate, a newly arrived individual experiences behaviours and properties of other flies. As in other organisms (Croft, James & Krause, 2008) , these interactions are not completely stochastic; the pattern of who interacts with whom is, in part, genetically determined and can be captured through social interaction networks (SINs) (Schneider, Dickinson & Levine, 2012) . The idea that D. melanogaster operate within social structures is not new. Although these animals have been classified as solitary insects, studies on aggression, female choice, and oviposition have been interpreted in terms of hierarchy, attractiveness, and anti-predator strategies -all emergent properties of D. melanogaster's social behaviour. These factors suggest that several forms of organization may be co-occurring within groups of D. melanogaster. We will explore how this organization is particularly important with respect to aggression and mating, and how the order of interactions in a behavioural sequence can be more influential than the genotypes involved.
Another form of social interaction is group-to-individual influence. Examples range from group-mediated switching from solitary to gregarious states in locusts (Simpson et al., 2001) to collective decision-making in other animals (Conradt & Roper, 2005) . Group-to-individual influence in D. melanogaster is often mediated via volatile cuticular hydrocarbons that operate at comparatively long range, as opposed to contact-dependent interactions associated with aggression and courtship. This type of group influence can synchronize circadian rhythms (Levine et al., 2002) , modulate gene expression (Krupp et al., 2008) , and change pheromonal profiles Krupp et al., 2008 ). An individual's pheromonal profile conforming to the group signature demonstrates an IGE, and highlights the impact of group membership. This can create a stabilizing effect where the members of the group eventually converge on a phenotype. This phenotype may (i) converge on an average of the phenotypes determined by AGEs, but may also (ii) be interaction dependent based on initial stochastic interactions. This second possibility becomes evident when temporal features of IGEs are considered (see Fig. 1A ), especially when the initial interaction has far-reaching consequences. If the first of a series of interactions dictate subsequent interactions, then the group might not necessarily converge towards the group mean determined by AGEs.
An example of this type of 'stochastic' group mean is seen when all potential interactions are taken into account -locomotive, aggressive, and courtship. These interactions reveal that the combined phenotype of the group is determined more by the specific group than by the individuals' AGEs (Higgins, Jones & Wayne, 2005) . Similar effects of the social setting in bees and deer have been reported (Conradt & Roper, 2005) . These findings support the idea that there may be a stochastic beginning to group dynamics, which is then further modified by IGEs within and throughout the group. As individuals interact, their phenotypes can influence each other's phenotypes, with potential feedback. Hence, the subsequent interaction for either individual with a third interacting partner is determined in part by the previous partner.
The social setting is therefore a complex relationship where the group composition and organization may be determined via innate preferences. Yet, group identity may still be stochastic in nature. Therefore, truly to understand behaviours displayed in a group, such as aggression and courtship, it is critical to understand the patterns upon which IGEs have occurred, and not just the genetic composition of the group.
III. AGGRESSION
Aggression is a well-studied behaviour, notably in mammals where one aim is to understand and control human aggression (see Blanchard & Blanchard, 2003) . Yet the identification and manipulation of mechanisms underlying aggression can be investigated in any organism that competes. Fighting in D. melanogaster occurs in both male-male and female-female settings (Dow & von Schilcher, 1975; Chen et al., 2002; Ueda & Kidokoro, 2002; Nilsen et al., 2004) . These behaviours are defined by a series of stereotypical sexually dimorphic patterns (Chen et al., 2002; Nilsen et al., 2004) that involve (among others): approach, wing threat, fencing, lunging, and finally (in males) boxing and tussling (Chen et al., 2002) . This stereotypical escalation of aggression is a feature that is shared by many organisms involving (in a general sense) posturing, contact, then finally use of physical force (or weaponry if available). Stable hierarchies in aggressive contests are seen in male D. melanogaster but not females (Nilsen et al., 2004) , in wasps (West, 1967; Zanette & Field, 2009) , ants (Cole, 1981) , cockroaches (Moore et al., 2002) and many other taxa (reviewed in Hsu, Earley & Wolf, 2006) .
Aggressive encounters are often a dynamic interaction between combatants, with no absolute aggressive tactic or behaviour established at the outset (Chen et al., 2002) . Both contestants and their relative, rather than absolute, differences determine the contest's outcome. Early studies in the field identified relative body size as important to aggressive outcomes (Partridge, Hoffmann & Jones, 1987; Zamudio, Huey & Crill, 1995) . However, subsequent experiments revealed that body size may simply be a side-effect of adaptation to the current environment (Zamudio et al., 1995) . Other determinants of aggressive outcomes vary based on the organism, and range from markings (Zanette & Field, 2009 ) to social-economic standing (Molnar et al., 2008 affects behavioural outcomes and it is therefore an IGE of potentially cryptic (e.g. 'adaptation'), yet measureable phenotypes (e.g. body size) that are static with regards to the timescale of the contests.
Other aspects of aggression define a more continuous or dynamic type of IGE, and involve modulation and potential feedback between two aggressors. These IGEs operate on a much quicker time scale and in D. melanogaster use octopamine and dopamine (Baier, Wittek & Brembs, 2002) to control the neuronal substrate of aggression. The role of serotonin is equivocal, with some studies showing that it does (Johnson, Becnel & Nichols, 2009) , and others showing that it does not (Baier et al., 2002) regulate aggression in flies. While other systems may or may not share the exact neuromodulators of aggression [e.g. serotonin is the primary determinant of aggression in mice (Nelson & Chiavegatto, 2001 )], they are still predicted to regulate aggression on short timescales within an aggressive encounter.
Although a significant 'winner' effect exists in other insects, notably crickets (Rillich & Stevenson, 2011) , studies in D. melanogaster have classically failed to demonstrate aggressive advantages in subsequent fights (Yurkovic et al., 2006; Penn, Zito & Kravitz, 2010) , although a recent study reveals that this advantage is present but disrupted easily by handling (Trannoy, Chowdhury & Kravitz, 2015) . Nevertheless, the outcome of aggression between flies creates a dominance relationship, with a clear 'loser' effect. Losers are easily identified through their submissive behaviour and subsequent retreat when re-confronted, whereas winners are given unrestricted access to contested resources (Chen et al., 2002) . Such hierarchical dominance of winners and losers is widespread across many taxa (reviewed in Hsu et al., 2006) . This modification of behaviour given a prior interaction is cumulative, where consistent losers display the lowest aggression (Yurkovic et al., 2006) , and females can be conditioned to avoid aggressive encounters (Kamyshev et al., 2002) . These findings underscore the complicated nature of identifying genetic contributions to aggression between individuals exhibiting IGEs. This is because learning and memory also affect future expressions of aggression, and learning within a social context can itself be complicated in D. melanogaster by social facilitation of memory retrieval (Chabaud et al., 2009) . Nonetheless, the ability of prior aggressive contests to influence future aggressive interactions suggests that interaction history is important and must be considered when investigating individual behavioural outputs within a group. Such incorporation of temporal aspects is reminiscent of Scott's (Scott & Fuller, 1965; Scott, 1977) social behaviour paradigm (Fig. 1A) .
The chemical channels that are used to navigate aggressive interactions vary among taxa (Wyatt, 2014) , and while more difficult to detect initially, offer the possibility of defined emission/reception pathways to measure and investigate . One identified aspect of communication between aggressive partners and their social environment in D. melanogaster is 11-cis-vaccenyl acetate (cVA) and its receptors. The volatile cVA mediates aggression through the odorant receptors Or67d and Or65a in the trichoid sensilla (Ha & Smith, 2006; Liu et al., 2011) . Acute exposure to increasing concentrations of cVA correlates with increased aggression through Or67d activation (Wang & Anderson, 2010) . However, chronically exposing males to cVA decreases male-male aggression. This is not affected by silencing Or67d. Instead silencing Or65a neurons attenuates the effect of both acute and chronic cVA exposure (Liu et al., 2011) . Thus, both group as well as inter-individual cVA signalling between two combatants affects aggression of a focal individual (Fig. 2) .
When such IGE pathways are identified (e.g. cVA → [Or67d Or65a]), it becomes possible to study the variation in the interaction factor (Moore et al., 1997) within and among populations. While it has been assumed that is a stable population-level constant (Moore et al., 1997) , the expectation that can evolve and exhibit individual variation is not theoretically farfetched and has been experimentally proved using Drosophila serrata (Chenoweth et al., 2010) . Taking cVA as an example, the response to this signal can be modulated by its receptors, and the variation in the receptors' expression or specificity can alter the response between individuals. Investigating this would require a method to monitor either the activation of these neurons or the relative expression of the receptors among a population of flies.
The genetic composition of the proximal social environment can also modulate aggression through IGEs (Saltz, 2013) . This IGE is surprising in that it does not fit within the 'loser'-effect paradigm, nor is it explained via a group-level pheromone effect. Instead, this IGE appears to fit into a social network theory in which a greater social environment (beyond the interacting pair) influences dyadic interactions (Croft et al., 2008) . Therefore, at least three pathways mediate social influence on the aggression of an individual fly: (i) prior aggressive contests (via learning and memory), (ii) the overall social pheromonal profile of individuals and the surrounding group, and finally (iii) the specific aggressive genotype/phenotype of the immediate social environment. These three IGEs as they apply to D. melanogaster are depicted in Fig. 2 .
If the pattern of aggressive encounters is strain dependent (i.e. at least partially genetically determined), it would have to be considered yet another IGE on a dyadic aggressive encounter, where the group's organization influences the outcome. Consequently, to be able to take aggression out of the dyadic framework into the context of the group, the collection and analysis of interaction history throughout the group is required. This not only enables appropriate accounting for factors contributing to aggression, but also provides insight into the evolutionary setting within which aggression has evolved.
IV. REPRODUCTION (1) Courtship and mate choice
Similar to aggressive behaviours, reproduction is also an 'interactive phenotype' that requires more than a single Fig. 2 . Indirect genetic effects (IGEs) represent a complex source of influence on the dyadic aggressive encounter. The presence of resources is thought to be critical in interactions escalating to aggressive contests. As in Fig. 1B , the additive genetic effect (AGE; a) and the developmental environment (e) both contribute to the aggression phenotypes (z). The phenotypes (size, aggression) can symmetrically influence each other through IGEs ( ). Memories of previous fights (fight n, n − 1, etc . . . ) and their outcomes influence the current aggression level, specifically whether the organism is currently under the 'loser effect'. Finally, levels of aggression (both previous and current encounters) are influenced by the social group via 11-cis-vaccenyl acetate (cVA) and the odorant receptors Or67d/Or65a. IGEs ( ) are indicated with solid back arrows, while environmental and additive genetic contributions are indicated with white arrows. Direct IGEs between the two phenotypes (z 1 and z 2 ) such as body size, aggressiveness, etc. are omitted for clarity.
individual. We will discuss how the reproductive process begins with courtship and mate choice, which are complex behaviours involving intricate multimodal signals and can be influenced by both sexes and the surrounding group. Here, we will focus on IGEs of courtship and mate choice. The additive components of courtship and mate choice in our exemplar D. melanogaster have been reviewed elsewhere (Laturney & Moehring, 2012; Pavlou & Goodwin, 2013) .
Once potential D. melanogaster mating partners have located each other, they progress through a repertoire of sequentially linked behaviours involving circling, singing, touching, and attempted copulation (Tompkins et al., 1982; Villella & Hall, 2008) . Once mated, several species of males can reduce future courtship directed towards the female partner (reviewed in Gillott, 2003) . This reduction in D. melanogaster has often been attributed to the activity of male cVA deposited in and on the female, acting on another male's Or67d-and Or65a-positive neurons (Ejima et al., 2007) . Another candidate pheromone (monoacetylated diol 3-O-acetyl-dihydroxyoctacosa-11,19-diene; CH503) is found in the male genital area, is transferred to females, persists for several days, and also inhibits male courtship (Yew et al., 2009) . While the entire suite of chemical communication within and between the sexes is complex (Everaerts et al., 2010) , cVA and CH503 are prime factors in intra-sexual selection and sources of unidirectional IGEs between males despite operating via deposition on females.
Following courtship behaviours of male D. melanogaster, the female makes the decision to mate based on prior and current experiences. In this decision-making process, a multitude of immediate signals are processed within the larger context of the history of sexual conflict (Janetos, 1980; Gavrilets, Arnqvist & Friberg, 2001 ). In D. melanogaster courtship behaviour, in addition to environmental factors such as food (Chapman & Partridge, 1996) , the conspecific social environment is a potential source of IGEs. While rates of polyandry have a genetic basis (Lawniczak & Begun, 2005) , incorporating food and social IGEs can alter the refractory period from days (Chapman & Partridge, 1996; Singh & Singh, 2004) to hours (Krupp et al., 2008; Billeter et al., 2012) . The properties of approaching males also contribute to the decision-making process (Yew et al., 2009; Everaerts et al., 2010) . Females mate with males with whom they have previous experience via courtship/mating, or indirectly familiar males that are phenotypically similar to previous courting/mating males (Chapman & Partridge, 1996; Dukas, 2005; Tan et al., 2013) . However, the choice of partner is also influenced by non-copulatory experiences with males within the group, as females tend to avoid 'familiar' male phenotypes with whom they have been reared (Ödeen & Moray, 2008) .
This history of dyadic interactions, between previous, current, and future mates occurs within the greater social environment, and is therefore affected by social influences [notably in the vertebrate models of guppies and Japanese quails Coturnix japonica (Galef & White, 2000) ]. This 'cultural' aspect of mate choice is also evident in D. melanogaster, where one correlation between two females' choices is based either on positive visual cues [e.g. observing conspecific mate choices (Mery et al., 2009)] or negative visual cues which signal the sperm availability of males [hence avoiding sperm-limited males (Loyau et al., 2012) ]. All of these interactions occur, and are assessed by the male and female prior to copulation.
Female receptivity can also be altered by previous males through seminal fluid transfer (see Section IV.2). This significant modulation of female receptivity to courtship is a critical concept when attempting to disentangle fertility and paternity in terms of male-male and male-female sexual selection.
(2) Copulation duration and seminal fluid transfer
After a male has persisted in courting and a female has become receptive, she experiences IGEs via the transfer of seminal fluids. This seminal transfer allows a male not only to propagate, but also to attempt to protect his investment by modifying the female's post-copulatory physiology and behaviour (reviewed in Gillott, 2003) , as discussed below in relation to D. melanogaster.
In response to perceived male competition, D. montana males increase female refractory periods through longer copulations (Mazzi et al., 2009) . Similarly, D. melanogaster males increase both mating duration (Bretman, Westmancoat & Chapman, 2013) and amount of sperm transferred (Garbaczewska, Billeter & Levine, 2013) . This is generally thought to increase the transfer of seminal fluids, as most sperm is transferred well before copulation is finished (Gilchrist & Partridge, 2000) . Seminal accessory proteins accomplish two separate tasks: (i) targeting copulatory deposits of other males (Clark et al., 1995; Bretman et al., 2013) ; and (ii) modifying the physiology of the female (Gilchrist & Partridge, 2000) . These are accomplished by stimulating egg production and ovulation, modulating the storage and usage of sperm, and reducing receptivity to further mating (Wolfner, 2002) . A female's re-mating rate can traditionally be thought of as a trade-off between advantages, such as the expected fertility of a male, the increased genetic diversity of her offspring, and/or other factors which promote polyandry [such as bet-hedging and 'trading up' (Arnqvist & Nilsson, 2000) ], versus the disadvantages of each additional mating, such as sterility, sexually transmitted diseases (Knell & Webberley, 2004) and/or seminal fluid toxicity (Wolfner, 2002) .
Certain seminal fluids are biologically active beyond the female's reproductive tract entering the haemolymph to target other tissues including the brain (Wolfner, 2002) . One extensively studied example is D. melanogaster male's sex peptide, which is bound to the sperm and switches a female's behavioural status from receptive to mated (Peng et al., 2005) . Sex peptide acts through a receptor in the female's reproductive tissue that connects to circuitry in the brain (Feng et al., 2014) . This not only allows the female to receive input as to whether copulation was successful, but also exposes a candidate pathway for male manipulation of female refractory period to optimize his reproductive fitness (Clark et al., 1995; Gilchrist & Partridge, 2000; Wolfner, 2002) . This inter-sexual selection between males and females responds to the group's sex ratio, suggesting trade-offs (Holland & Rice, 1999) between resistance (Wigby & Chapman, 2004) to male seminal fluids and overall reproductive output.
The genetic contributions to interactive phenotypes, such as copulation duration, emphasize that the genetic component may be derived from either one or both sexes. This is because attributing the phenotype to a single sex (e.g. 'female fecundity') negates the evolutionary potential of the genes in the other interacting partner. When phenotypes are expressed in one sex but dependent on the other, these phenotypes require the consideration of both AGEs and IGEs (Moore et al., 1997) , as well as the covariance between the two (Wolf et al., 1998) .
(3) Reproductive output
The fitness outcomes of copulation are a product of social interactions. For example, when considering sperm competition, the social environment is expanded to include the female as well as any other males who have successfully deposited seminal fluids. The idea that the male's genome interacts with the female to influence her reproductive output is not new. In mammals, paternally derived genes are thought to increase maternal investment (reviewed in Wilkins & Haig, 2003) . However this focus on the male portion of reproduction manipulating the female can potentially obscure the female's role, as it is both sexes that contribute to the social environment (Lupold et al., 2013) , where traits of one sex are both genetic contributions to the environment for the other sex and an evolving trait (Moore et al., 1997; Wolf et al., 1998; Wigby & Chapman, 2004; Pischedda et al., 2011) .
In D. melanogaster, an example of female post-copulatory modification of paternal investment is sperm ejection, which is genetically variable and influences paternity (Laturney & Billeter, 2014) . Therefore, females provide an interactive rather than a static environment (Lupold et al., 2013) . This could explain why heritability estimates of female fertility range from high (Long et al., 2009 ) to low (Fernandez et al., 2003) . When fertility is treated as an interacting phenotype, Edward et al. (2014) show female genetic variance for egg production, but significant male and female genetic variance for copulation duration. The total genetic variation in the phenotypes is therefore expressed in both sexes. Even for a phenotype traditionally viewed as female-driven, this variation will depend on the AGEs (the female's contribution to the phenotype), and the IGEs (Moore et al., 1997) of the male's phenotype.
Reproductive output between a focal male and female is therefore an intricate and somewhat cryptic output resulting from very complex interactions. There is also the interaction between the 'focal' phenotypes and potentially multiple 'secondary' phenotypes from the social environment. These include previous matings, subsequent matings, social mate choices, sperm ejection, and group genetic composition. This is illustrated in Fig. 3 , where the total number of eggs fertilized by a specific male is influenced by the genetic components of the complex social environment. Some of these interactions are addressed by group estimates of (such as the genetic diversity of the social environment and social mate choices) and others by dyadic estimates of (previous matings/subsequent matings), but this requires a history of the interactions to disentangle them.
Accounting for such complicated input when considering the conceptually simple output of fertility and paternity could have non-intuitive consequences. One finding that merits discussion is the emergent, group-level ratio of paternity between two D. melanogaster strains (Billeter et al., 2012) . When mixed at various ratios, progeny follow a fixed, maternal-strain-dependent paternity outcome, but one that is not evident for any individual female (Billeter et al., 2012) . One potential explanation is that a complex pattern of interactions and mating order occurs within the group, but not for any one individual. This interactive pattern would be one that is influenced by the genetic composition of the group and the inter-fly behaviours that could modulate sperm allocation (through male-male sperm competition and female-male competition through sperm ejection and oviposition modulation). 
V. CONCLUSIONS
(1) We have focused on the social life of a fly to highlight behaviours from aggregation to aggression, courtship and reproduction, and how these fit within a structured IGE framework. Note that one 'behaviour' is not independent of other behaviours and feedback between multiple individuals is expected.
(2) D. melanogaster aggregate on suitable food substrates and this dynamic grouping is modulated by social cues. Socially responsive flies preferentially aggregate on sites that have been socially vetted and whose genetic composition is suitable, as decisions are based on behavioural and chemical cues within the aggregate (Saltz, 2011; Simon et al., 2012; Venu et al., 2014) . D. melanogaster interact between and among themselves in patterns that are at least in part genetically determined (Schneider et al., 2012) and that shape the interactive social environment within the larger group.
(3) Within these interactions fall two stereotypical non-independent behaviours: aggression and courtship. D. melanogaster males can control access to resources through aggression (Dow & von Schilcher, 1975; Baier et al., 2002) . In fact, male aggression paradigms often involve the presence of food and females, and it is hypothesized that by winning an aggressive contest one male secures access to a resource while the other retreats (Dow & von Schilcher, 1975; Baier et al., 2002) . Consequently, aggressive contests not only shape the social environment for a female by altering the male phenotypes presented to her, but also shape the social environment for a male by modulating his interaction with females. Female aggression also influences the social environment by altering the composition of females within a territory (Ueda & Kidokoro, 2002) , which in turn modulates male aggression, as well as courtship and copulation.
(4) Once involved in a courtship event, many social factors affect the eventual decision to copulate, such as observed social copulations (Mery et al., 2009; Loyau et al., 2012) and heterogeneity of the group (Krupp et al., 2008; Billeter et al., 2012) . The deposition of cVA during copulation and oviposition can also attract or repel aggregating individuals (Wertheim et al., 2006) . Finally, a female's reproductive output is contingent upon her behavioural and physiological interactions with her current, previous, and future partners. These matings can aggregate genetically varied sperm into a sperm storage organ, where sperm competition can take place. However, this competition takes place in a genetically determined environment, and some sperm compete better within certain female genetic backgrounds (Clark et al., 1995) .
(5) Each step and behaviour involved in aggression and mating encompasses interactions between individuals. Determining pathways through which these behaviours are modified in the social environment is often simplified by calculating (Moore et al., 1997) , which permits a direct test of whether a phenotype influences a behaviour of interest. It is then possible to dissect apart the genetic pathway(s) through which phenotypic information flows and is integrated by the organism eventually to modify its behaviour.
(6) When pathways are identified (such as receptors for cuticular hydrocarbons, e.g. Kurtovic, Widmer & Dickson, 2007) , we can expect that itself is not so much a population constant, but rather another source of variability between individuals that can evolve and change the way a behaviour is modified through interacting phenotypes. We propose that D. melanogaster is a system ideally suited to tackle and decrypt such issues.
(7) A comprehensive understanding of sociality requires monitoring four aspects: (i) the interactions and identities of those that interact, as influence propagating throughout the interactive history can be critical in determining the behavioural output; (ii) the gene regulatory changes in the organisms while they undergo these interactions; (iii) the social cues used in social interactions, and (iv) the modulation of genic frequencies across generations. Recently, the first hurdle (recording the history of interactions) has been successfully addressed with the ability to record identities faithfully in extended videos, as well as automated methods of detecting social behaviours within a group (Branson et al., 2009; Dankert et al., 2009; Kabra et al., 2013; Schneider & Levine, 2014) . The ability to monitor regulation of genes has also progressed, as we can now monitor several genes in vivo (Ardekani et al., 2012) and restrained individuals can be monitored for physiological changes while exposed to stimuli (Maimon, Straw & Dickinson, 2010) . The third aspect of quantifying the signals used in social regulation, however, will involve the integration of methods able to monitor chemical and acoustical cues, as well as monitoring the neuronal signalling that processes social information and defines the Fig. 3 . Reproductive output is a complex social phenotype. This figure illustrates the sexual history of the focal male and female, as well as the factors that influence the focal female's receptive phenotype (z f ), a male's courtship phenotype (z m ), and finally the reproductive output (z Offspring ). The female's receptivity (z f ) is influenced by several factors, both biotic and abiotic. The non-social contributions are the female's additive genetic effects (AGEs; a f ) and the developmental environment (e f ), which are denoted with white arrows. The availability of food is represented separately to convey the critical importance of food (an environmental effect; white arrow). The social contribution to z f of the group environment (indirect genetic effects; IGEs) is denoted by dashed boxes and includes: (i) group composition, and (ii) the success of the male's phenotype (z m ) in social mate-choice events, and (iii) previous experience with z m 's phenotype. The IGEs from sexual history are represented in black boxes. The male's courtship phenotype (z m ) is determined by AGEs (a m ) and his developmental environment (e m ), as well as IGEs resulting from the female's sexual history [via 11-cis-vaccenyl acetate (cVA) and monoacetylated diol 3-O-acetyl-dihydroxyoctacosa-11,19-diene (CH503)], and his prior experience with z f 's phenotype. Once copulated, the offspring phenotype (z Offspring ) is determined by the duration and amount of seminal products [sperm and sex peptide (Sp)] transferred by the male. This transfer depends on the AGEs (a m ) and the developmental environment (e m ) of the male, the duration of copulation (which can be influenced by the female), and the perceived competition (group composition). Inside the spermatheca, seminal fluid and sperm from previous mates, the focal male, and subsequent males, mix and interact, and occasionally are ejected from the spermatheca by the female before fertilization finally occurs. IGEs between the two phenotypes (z f and z m ) that do not rely on or act through the social environment such as familiarity, cVA, Sp, courtship song, courtship vigour, etc. are omitted for clarity. social brain. The final aspect of monitoring genic frequencies across generations will verify the theoretical evolutionary importance of social structure on IGEs. Accounting for these four aspects permits the quantification of factors contributing to the generation of behaviours in a more informative manner. The advent of methods like CRISPR/Cas9 (Cong et al., 2013) suggests that all of these topics are tractable in a wide variety of species, but still we argue that D. melanogaster is uniquely positioned to investigate mechanistic hypotheses about IGEs.
(8) We are seeing progress in determining interactive phenotypes which are affected by the social environment ['group' to individual ] and interactive phenotypes that are determined between individuals [individual to individual (Penn et al., 2010; Bailey & Hoskins, 2014) ]. Our hope is that molecular, physiological and quantitative approaches not only continue to investigate the effects of being 'social', but also converge to create an integrative social paradigm. This social paradigm would ideally incorporate multiple levels of social responses to determine genetic mechanisms and their reciprocity to the social environment. At the group level, this integration of dyadic interactions within a larger context of the group requires a network-level approach. Network theory defines a quantitative group-level phenotype that characterizes the relationships between interacting individuals (Newman, 2010) . The organization of a social network is critical in determining many key functional properties, such as the speed with which information passes among its members or with which the influence of a phenotype can propagate throughout the aggregate.
(9) Each organism's behaviour may be viewed as an emergent phenotype produced by a complex system consisting of feedback between individuals within a social environment. We return to Scott (Scott, 1977, p. 327) : ' . . . almost all behaviour that is exhibited by the members of highly social species [ . . . ] is expressed within social relationships. What little solitary behaviour remains is expressed within social contexts derived from these relationships'. We are beyond such restrictive categories as 'highly' social species, and perhaps it is time to embrace more fully the idea that all life is social, and that most biological organisms live in an environment with a strong, evolving social component capable of shaping their evolutionary trajectories.
